The TP53 mutation is frequently detected in acute myeloid leukemia (AML) patients with complex karyotype (CK), but the stability of this mutation during the clinical course remains unclear. In this study, TP53 mutations were identified in 7% of 500 patients with de novo AML and 58.8% of patients with CK. TP53 mutations were closely associated with older age, lower white blood cell (WBC) and platelet counts, FAB M6 subtype, unfavorable-risk cytogenetics and CK, but negatively associated with NPM1 mutation, FLT3/ ITD and DNMT3A mutation. Multivariate analysis demonstrated that TP53 mutation was an independent poor prognostic factor for overall survival and disease-free survival among the total cohort and the subgroup of patients with CK. A scoring system incorporating TP53 mutation and nine other prognostic factors, including age, WBC counts, cytogenetics and gene mutations, into survival analysis proved to be very useful to stratify AML patients. Sequential study of 420 samples showed that TP53 mutations were stable during AML evolution, whereas the mutation was acquired only in 1 of the 126 TP53 wild-type patients when therapyrelated AML originated from different clone emerged. In conclusion, TP53 mutations are associated with distinct clinic-biological features and poor prognosis in de novo AML patients and are rather stable during disease progression.
INTRODUCTION
Somatic mutation of the tumor suppressor gene, TP53, located in 17p13 is one of the most frequent alterations in cancer. 1, 2 The TP53 protein exerts its tight regulation of apoptosis and cell cycle integrity, and inactivation of TP53 may lead to uncontrolled cell proliferation and promote cancer development. 3, 4 The frequency of TP53 mutation is usually increased in the patients with advanced stages or aggressive types of cancers. 5, 6 Several studies have shown TP53 mutations are frequently detected in patients with therapy-related acute myeloid leukemia (AML) 7 or AML with complex karyotype (AML-CK). [8] [9] [10] The incidences of this mutation in AML-CK varied from 53% in a British series, 10 to 60-69% in two German studies. 8, 9 In contrast, TP53 mutations rarely occurred in patients without CK (2.1%) 8 or 17p chromosomal abnormality (2.8%). 11 The reports regarding the prognostic relevance of TP53 mutations in patients with AML-CK showed controversial results. Rucker et al. 9 showed that TP53 mutation was an independent poor risk factor for overall survival (OS) in AML patients with CK; however, the same finding could not be shown by Bowen et al. 10 Whether there is geographic difference in the incidence of TP53 mutations in AML between Western and Asian people remains to be determined. In addition, the interaction of TP53 mutations with other genetic alterations in AML was largely unknown. Furthermore, to the best of our knowledge, there has been no report in literature concerning the stability of TP53 mutations during the clinical course. In this study, we investigated TP53 mutation in 500 patients with de novo AML and analyzed its interactions with 17 other genetic alterations. Longitudinal followups of the status of TP53 mutation during the clinical course were also performed in 131 patients to investigate the stability and pathogenic role of this mutation in AML. Furthermore, to better stratify AML patients into different risk groups, a scoring system integrating TP53 mutations with nine other prognostic factors, including age, white blood cell (WBC) count, cytogenetics, NPM1/FLT3-ITD, CEBPA, RUNX1, WT1, DNMT3A and IDH2 mutations, into survival analysis was proposed.
MATERIALS AND METHODS Subjects
From March 1995 to December 2008, a total of 500 adult patients who were newly diagnosed as having de novo AML at the National Taiwan University Hospital and had enough cryopreserved cells for analysis were enrolled consecutively. Patients with antecedent hematological diseases or therapy-related AML were excluded. Diagnosis and classification of AML were made according to the FAB (French-American-British) Cooperative Group Criteria. Among them, 363 (72.6%) patients received standard induction chemotherapy (Idarubicin 12 mg/m 2 per day on days 1-3 and Cytarabine 100 mg/m 2 per day on days 1-7) and then consolidation chemotherapy with 2-4 courses of high-dose Cytarabine (2000 mg/m 2 q.12 h, days 1-4, total 8 doses), with or without an anthracycline (Idarubicin or Novatrone), after achieving complete remission (CR). 12, 13 The patients with acute promyelocytic leukemia (M3 subtype) received concurrent alltrans retinoic acid and chemotherapy. The remaining 137 patients received palliative therapy with supportive care and/or low-dose chemotherapy because of underlying comorbidity or based on the decision of the patients. A total of 45 patients received allogeneic hematopoietic stem cell transplantation in first CR. This study was approved by the institutional review board of the National Taiwan University Hospital; and written informed consent was obtained from all participants in accordance with the Declaration of Helsinki.
Cytogenetics
Bone marrow (BM) cells were harvested directly or after 1-3 days of unstimulated culture as described previously. 14 
Immunophenotype analysis
A panel of monoclonal antibodies to myeloid-associated antigens, including CD13, CD33, CD11b, CD15, CD14 and CD41a, as well as lymphoid-associated antigens, including CD2, CD5, CD7, CD19, CD10 and CD20, and lineage nonspecific antigens HLA-DR, CD34 and CD56 were used to characterize the phenotypes of the leukemia cells as previously described. 12 
Mutation analysis
Mutation analysis of TP53 exons 3-9 was performed by PCR and direct sequencing according to previous reports with mild modification. 8, 9 The primer sequences are shown in Supplementary Table 1 . Abnormal sequencing results were confirmed by at least two repeated analyses. Sequential analysis of TP53 mutation during the clinical course was performed in 420 samples from 131 patients. Mutation analyses of 17 other relevant molecular marker genes, including class I mutations such as FLT3/ ITD and FLT3/TKD, 15 NRAS, 16 KRAS, 16 JAK2, 16 KIT 17 and PTPN11 mutations, 18 and class II mutations such as CEBPA 19 and RUNX1 mutations, 20 as well as NPM1, 21 WT1, 22 and those genes related to epigenetic modification such as MLL/PTD, 23 ASXL1, 24 IDH1, 25 IDH2, 26 TET2, 27 and DNMT3A mutations 12 were performed as previously described. To detect TP53 mutation at diagnosis, we used DNA amplified in vitro from patients' BM cells by Illustra GenomiPhi V2 DNA amplification kit as described by the manufacturer (GE Healthcare, Buckinghamshire, UK). All the mutations detected in such samples were verified in the original nonamplified samples.
TA cloning analysis
For the patients with discrepancy of the mutation status of the TP53 in paired samples, Taq polymerase-amplified (TA) cloning was performed in the samples without detectable mutant by direct sequencing. The DNA spanning the mutation spots of TP53 detected at either diagnosis or during subsequent follow-ups was amplified and the PCR products were then cloned into the TA cloning vector pGEM-T Easy (Promega, Madison, WI, USA). Direct sequencing was then performed on the selected clones. More than 40 clones were selected for sequencing as previously described. 28 
Statistical analysis
The discrete variables of patients with and without TP53 mutation were compared using the χ 2 tests, but if the expected values of contingency tables were o5, Fisher's exact test was used. If the continuous data were not normally distributed, Mann-Whitney U-tests were used to compare continuous variables and medians of distributions. To evaluate the impact of TP53 mutation on clinical outcome, only the patients who received conventional standard chemotherapy, as mentioned above, were included in the analysis. 12, 13 OS was measured from the date of first diagnosis to the date of last follow-up or death from any cause, whereas relapse was defined as a reappearance of at least 5% leukemic blasts in a BM aspirate or new extramedullary leukemia in patients with a previously documented CR. 29 Disease-free status indicated that the patient achieved CR and did not relapse by the end of this study. Cox regression survival estimation was used to plot survival curves and to test the difference between groups. Multivariate Cox proportional hazard regression analysis was used to investigate independent prognostic factors for OS and disease-free survival (DFS). The proportional hazards assumption (constant hazards assumption) was examined by using time-dependent covariate Cox regression before conducting multivariate Cox proportional hazard regression. The variables including age, WBC counts, karyotype, NPM1/FLT3-ITD, CEBPA, IDH2, WT1, RUNX1, ASXL1, DNMT3A and TP53 mutations were used as covariates. Those patients who received hematopoietic stem cell transplantation were censored at the time of hematopoietic stem cell transplantation in survival analysis to ameliorate the influence of the treatment. 12, 13 A P-value of o0.05 was considered statistically significant. All statistical analyses were performed with the SPSS 19 (SPSS Inc., Chicago, IL, USA) and Statsdirect (Cheshire, UK).
RESULTS
TP53 mutations in patients with de novo AML A total of 36 different TP53 mutations were identified in 35 patients ( Table 1 and Figure 1 ). Of these, 28 were missense mutations, 2 were nonsense mutations, 5 were frame-shift mutations and 1 was in-frame mutation. V31I occurred in three patients, R175H and L194R in two each and all other mutations in only one each. Five patients had double heterozygous mutations (patients 1, 4, 14, 21 and 23). The remaining 30 patients showed only one mutation; all were heterozygous.
Correlation of TP53 mutations with clinical and laboratory features
In total, 500 de novo AML patients, including 35 (7%) TP53mutated and 465 TP53 wild-type patients, were enrolled into the analysis. The comparison of clinical characteristics of patients with and without TP53 mutations is shown in Table 2 .
TP53-mutated patients were older (median, 67 vs 50 years, P = 0.0003) and had lower WBC, blast and platelet counts than TP53 wild-type patients (P o0.0001, o 0.0001 and 0.0267, respectively). Patients with FAB M6 subtype of AML had the highest incidence of TP53 mutation than those with other subtypes. The mutations were positively associated with the expression of CD34 on the leukemic cells (Supplementary Table 2 ). There was no difference in the expression of other antigens between the patients with and without TP53 mutation.
Association of TP53 mutations with cytogenetic abnormalities Chromosome data were available in 482 patients at diagnosis, including 35 TP53-mutated and 447 TP53 wild-type patients ( Supplementary Table 3 ). TP53 mutations occurred more frequently in patients with unfavorable-risk cytogenetics (46.2%) than in those with favorable-or intermediate-risk cytogenetics (1.2%, Po 0.0001). There was also a significant difference in the incidence of the TP53 mutation among patients with normal karyotype (1.8%), simple chromosomal abnormalities with one or two changes (0.5%) and CK with three or more abnormalities (58.8%, P o 0.0001). Besides, TP53-mutated patients had a higher degree of karyotypic complexity, as defined by five or more chromosomal changes, than TP53 wild-type patients in the subgroup of patients with CK (90% vs 42.9%, P = 0.0005). None of the patients with t(15;17), inv(16), t(7;11) or 11q23 translocations showed TP53 mutation, but one patient with t(8;21) harbored this mutation concurrently. There was no association of TP53 mutation with other chromosomal abnormalities, including +8, +11, +13, +21, − 5/del(5q) and − 7/del(7q).
Association of TP53 mutation with other molecular abnormalities
To investigate the interaction of gene mutations in the pathogenesis of adult AML, a complete mutational screening of 17 other genes was performed in all 500 patients (Table 3) . Among the 35 patients with TP53 mutations, 13 (37.1%) showed additional molecular abnormalities at diagnosis (Tables 1 and 4 ). Nine had one additional change and four had two. The associated molecular events included NRAS, PTPN11, CEBPA, RUNX1, ASXL1 and TET2 mutations that each occurred in two patients. Patients with TP53 mutations had significantly lower incidences of NPM1 mutation, FLT3/ITD and DNMT3A mutations than those with TP53 wild-type (2.9% vs 21.9%, P = 0.0041; 0% vs 24.3%, P = 0.0002; and 2.9% vs 14.8%; P = 0.045, respectively). There was no difference in the incidence of other molecular mutations between patients with and without TP53 mutation. Interestingly, TP53-mutated patients with complex cytogenetics had lower probability of concurrent other molecular alterations than those without (26.7% vs 100%, P = 0.004).
Impact of TP53 mutation on response to therapy and clinical outcome Of the 363 AML patients undergoing conventional intensive induction chemotherapy, 284 (78.5%) patients achieved a CR. TP53 mutation was associated with an inferior response rate (CR rate 28.6% vs 80.2%, Po 0.0001) and higher probability to be refractory to treatment (50% vs 13.5%, P = 0.0017). With a median follow-up of 55 months (range, 1.0-160), patients with TP53 mutation had significantly poorer OS and DFS than those without TP53 mutation (median, 5 vs 35 months, P o 0.001, and median, 0 vs 9 months, P o 0.001, respectively, Figures 2a and b ). In the subgroups of 36 patients with unfavorable-risk cytogenetics, the differences in OS and DFS were still significant between patients with and without TP53 mutation (median, 9.5 vs 14 months, P = 0.001, Figure 2c and median, 0 vs 2.5 months, P = 0.015, Figure 2d , respectively). The same was also true for the subgroup of 28 patients with CK (median, 9 vs 14 months, P = 0.003, Figure 2e and median, 0 vs 2 months, P = 0.021, Figure 2f , respectively). Intriguingly, among the patients without TP53 mutation, the OS is similar between those with intermediate-risk cytogenetics and unfavorable-risk cytogenetics (P = 0.304).
In multivariate analysis (Table 4) , the independent poor risk factors for OS were older age 450 years, high WBC counts 450 000/μl, unfavorable-risk cytogenetics and TP53, RUNX1, WT1 and DNMT3A mutations. On the other hand, CEBPA double mutation and NPM1 mutation in the absence of FLT3-ITD (NPM1 + /FLT3-ITD -) were independent favorable prognostic factors. There was a trend of better OS in patients with IDH2 mutation (hazard ratio 0.563, 95% confidence interval 0.292-1.086, P = 0.087). Similarly, the independent poor risk factors for DFS included older age 450 years, high WBC counts 450 000/μl, unfavorable-risk cytogenetics and TP53, RUNX1, WT1 and DNMT3A mutations. On the other To better stratify the AML patients into different risk groups, a scoring system incorporating 10 prognostic markers, including age, WBC counts, cytogenetics at diagnosis, NPM1/FLT3-ITD and mutations of CEBPA, IDH2, TP53, DNMT3A, RUNX1 and WT1, into survival analysis was formulated based on the results of our Cox proportional hazards model. A score of − 1 was assigned for each parameter associated with a favorable outcome (CEBPA double mutation , IDH2 mutation and NPM1 + /FLT3-ITD -), whereas a score of +1 for each factor associated with an adverse outcome (TP53, DNMT3A, WT1 and RUNX1 mutations, older age and higher WBC counts at diagnosis). The karyotypes were stratified into three groups (unfavorable: +2, intermediate: +1 and favorable: 0). The algebraic summation of these scores of each patient was the final score. This score system divided the AML patients into five groups with different clinical outcomes (P o 0.001 for both OS and DFS, Figure 3 ). Sequential studies of TP53 mutations TP53 mutations were serially studied in 420 samples from 131 patients, including 5 patients with TP53 mutations and 126 patients without this mutation at diagnosis ( Table 5 ). Among the five patients with TP53 mutations who had ever obtained a CR and had available samples for study, three lost the original mutation at remission status, but two (patients 11 and 32) retained it ( Table 5 ). These two patients relapsed soon and died of uncontrolled disease. In the three patients who had available samples for serial study at relapse, the original mutation could be detected at relapse in two patients (patients 11 and 12), but was lost in one (patient 30). Because direct sequencing might not be sensitive enough to detect low level of TP53 mutation signal, we therefore sequenced TA clones of the PCR product from patient 30 at relapse. Two mutant clones out of 45 were detected. Among the 126 patients who had no TP53 mutation at diagnosis, one (patient 36) acquired TP53 mutation at second relapse. Patient 36 was diagnosed as having acute promyelocytic leukemia with karyotypic change of t(15;17) and trisomy 8 ( Table 5 ). He acquired TP53 mutation at second relapse, 106 months after the initial study at diagnosis and 39.5 months after CR2. At that time, karyotypic evolution with complex chromosomal change but loss of the original t(15;17) and trisomy 8 was found. Because cytogenetic analysis might not be sensitive to detect minor clones, we performed both fluorescence in situ hybridization and real-time quantitative PCR for the PML-RARA fusion transcript. No PML-RARA mutant was detected at second relapse. Intriguingly, we could identify TP53 mutation in 1 of 39 clones by a sensitive cloning technique at first relapse when t(15;17) was still present. However, we did not find TP53 mutant in the BM cells from the patients at diagnosis even after using a sensitive technique.
DISCUSSION
In this study, we found that the TP53 mutation was associated with distinct clinic-biological features and was a poor prognostic factor in AML patients, independent of age, WBC counts, karyotype and other genetic markers.
A total of 36 TP53 mutations, most commonly in the DNAbinding domain, were detected in 7% of patients (Figure 1) . The majority were missense mutations that were suggested to abolish the DNA-binding activity and transactivation capacity. 3 Overall, three involved exon 4, nine exon 5, six exon 6, nine exon 7, nine exon 8 and none involved exon 9. Most TP53 mutations were found in exons 5-8, 30, 31 and few mutations occurred outside exons 5-8. 9 We analyzed exons 3-9 in this study to avoid missing some mutations outside exons 5-8. The probability that the TP53 wild-type patients in this study would have mutations outside the area we screened was low, though it could not be totally excluded.
Most studies on TP53 mutations were focused on patients with CK, 17p abnormalities or older population. 9, 32, 33 In this study, we analyzed 500 consecutive patients, both cytogenetically normal and abnormal, so the frequency and clinical characteristics of TP53 mutations in unselected de novo AML patients could be known. TP53 mutations were found in 7%, 1%, 1.3% and 46.2%, respectively, in whole cohort and in patients with favorable-, intermediate-and unfavorable-risk cytogenetics. The patients with CK had the highest incidence (58.8%) of TP53 mutations, an incidence similar to two previous reports (53-60%), 9, 10 but lower than that of Haferlach et al. 8 (69% in 149 patients) . The reason of the variability in the incidence of TP53 mutations in different studies is unknown but may be because of the differences in ethnic background, patient populations recruited and methods used. We also found that TP53-mutated patients had a higher degree of karyotypic complexity than TP53 wild-type patients in the subgroup of patients with CK (90% vs 42.9%, P = 0.0005).
Although a close association was observed between TP53 mutations and a complex karyotype, little is known about the or RAS mutations in 140 elderly patients studied. 32 In the comprehensive analyses of the 17 gene mutations in 500 patients, we found that 13 (37.1%) of 35 patients with TP53 mutations showed additional molecular abnormalities at diagnosis, including NRAS, PTPN11, CEBPA, RUNX1, ASXL1 and TET2 mutations that occurred in 2 patients each. Patients with TP53 mutations had significantly lower incidences of NPM1 mutation, FLT3/ITD and DNMT3A mutations than those with TP53 wild-type. Interestingly, TP53-mutated patients with CK had lower probability of concurrent other molecular alterations than those without.
To the best of our knowledge, this study recruited the largest number of AML patients for sequential analysis of TP53 mutations during the clinical course. In contrast to the instability of FLT3-ITD during disease evolution, 34 we found that the TP53 mutation seemed rather stable, analogous to DNMT3A mutations. 12 At relapse, the original TP53 mutations in all three TP53-mutated patients studied were retained, but the mutant level in one of them was much reduced at the time of AML relapse, as it could only be detected by a sensitive cloning technique but not by direct sequencing (patient 30, Table 5 ). On the other hand, among the 126 patients who had no TP53 mutation at diagnosis, 1 acquired a novel TP53 mutation at second relapse. This patient was diagnosed as having acute promyelocytic leukemia with t (15;17) . She acquired TP53 mutation at second relapse, 106 months Figure 3 . Kaplan-Meier survival curves for OS (a) and DFS (b) in AML patients based on scoring system (Po0.001 for both OS and DFS). AML patients were grouped according to scoring system based on TP53 mutation and 9 other prognostic markers (CEBPA double-mutation , NPM1/FLT3-ITD, IDH2, TP53, WT1, RUNX1 and DNMT3A mutations, age and WBC counts at diagnosis). A score of − 1 was assigned for each parameter associated with a favorable outcome (CEBPA double mutation , IDH2 mutation and NPM1 + /FLT3-ITD -), whereas a score of +1 was assigned for each factor associated with an adverse outcome (TP53, WT1, RUNX1 and DNMT3A mutations, older age and higher WBC counts at diagnosis). The karyotypes were stratified into three groups (unfavorable: +2, intermediate: +1 and favorable: 0). The algebraic summation of these scores of each patient was the final score. The 12 patients without chromosome data were not included in the analysis. after the initial study at diagnosis; the leukemic cells showed complex chromosomal changes with loss of the original t(15;17) and trisomy 8 at that time (Table 5 ). It is most likely that the patient developed therapy-related leukemia. We did not find TP53 mutant in the BM cells from the patients at diagnosis even after using a sensitive cloning technique; intriguingly, we could identify TP53 mutation in 1 of 39 clones at first relapse of the original leukemia 65 months after diagnosis when t(15;17) was still present. In other words, the minor clone with TP53 mutant already emerged 41 months before the development of therapyrelated leukemia; the minor clone of cells escaped subsequent treatments, expanded and finally transformed to AML accompanied by complex cytogenetic abnormalities. 35 Taken together, TP53 mutations are quite stable during AML progression. The acquisition of novel TP53 mutations in TP53 wild-type patients may be an indicator of the emergence of therapy-related AML and warrants intervention treatment. TP53 mutations within the DNA-binding domain have been associated with poor treatment response and shorter survival in solid tumors. 3 Regarding the prognostic relevance of TP53 mutations in AML-CK, Rucker et al. 9 showed that TP53 mutation was the most important prognostic factor, outweighing all other variables, but another study demonstrated that there was no significant difference in CR and OS between TP53-mutant and TP53 wild-type patients in this group. 10 In this study, we distinctly identified that patients with TP53 mutations had poor prognosis in both total cohort and AML-CK. To better stratify AML patients into different risk groups, a survival scoring system incorporating TP53 mutation and nine other prognostic factors, including age, WBC counts, cytogenetics, NPM1/FLT3-ITD, CEBPA, IDH2, RUNX1, WT1 and DNMT3A mutations, into survival analysis was formulated. Indeed, this scoring system was more powerful than single marker to separate patients into different prognostic groups. Further studies in independent cohorts are needed to validate the clinical implication of the proposed scoring system.
In summary, this study demonstrated that TP53-mutated patients had specific clinic-biologic features and cytogenetic changes. TP53 mutations were mutually exclusive with NPM1 mutation, FLT3/ITD and DNMT3A mutations. Furthermore, the TP53 mutation was an independent poor-risk factor for OS and DFS among total cohort and AML-CK patients. Incorporation of TP53 mutation with nine other prognostic factors into survival analyses can better stratify AML patients into different risk groups. Sequential study during the clinical course showed that TP53 mutation was quite stable during AML evolution. The acquisition of TP53 mutation in TP53 wild-type patients during clinical follow-ups may be an indicator of the emergence of therapyrelated leukemia.
